INTRODUCTION
Normal skeletal muscle stiffness results from active tension produced by muscle contraction and passive tension produced by the extracellular matrix and connective tissue surrounding individual muscle fibers [1] [2] [3] . The extracellular matrix plays a key role not only in force transmission, but also skeletal muscle signaling, growth and metabolism [4] . Therefore, it is imperative to develop noninvasive, reliable measures of muscle stiffness. As skeletal muscle is physically a very dynamic tissue, accurate quantitation of skeletal muscle stiffness throughout its functional range is crucial to improve the physical functioning and independence following pathology. Shear Wave Elastography (SWE) is an ultrasound-based technique that can characterize tissue mechanical properties based on the propagation of remotely induced shear waves [5] [6] [7] [8] . Shear modulus, µ, can be calculated from the measured shear wave propagation velocity c s within a region of interest using Equation (1):
(1) where ρ is density, which can be assumed to be 1000 kg/m 3 for all soft tissues [9] . The objective of this study is to validate shear wave elastography (SWE) throughout the functional range of motion of skeletal muscle.
METHODS
We obtained four right brachialis whole-muscle samples immediately post-mortem from healthy sixto nine-month old female swine. As we completed all testing within five hours of sacrifice, we did not consider rigor mortis a concern 13 . At the time of harvest, we established the initial (L 0 ) and final lengths (L 1 ) of the brachialis by flexing the forelimb to 90° and fully extending to 180°, respectively. We harvested the brachialis with intact proximal and distal bony attachments to facilitate mechanical testing. We fixed both bony attachments with bone cement to facilitate attachment to the materials testing system (MTS).
We mounted the specimen on a MTS (model 312, MTS, Minneapolis, MN) for simultaneous tensile testing and SWE evaluation. The MTS stretched the tissue specimen to L 0 . Each specimen underwent displacement-controlled tensile testing from L 0 to L 1 , at ~1.15% L 0 per second, with simultaneous ultrasound measurements at ten prescribed time points throughout the continuous tensile test. A load cell (model 3397, Lebow Products, Troy, MI) measured force throughout the testing procedure. The specimen was preconditioned for 6 cycles prior to tensile testing using the same loading protocol.
Prior to tensile testing, we fixed a linear-array ultrasound transducer (L7-4, Philips Healthcare, Andover, MA) over the middle third of the muscle specimen. All mechanical testing was well-within the submaximal range, so we tested three transducer-muscle fiber orientations for each muscle specimen: 1) ultrasound transducer aligned parallel with muscle fibers, 2) ultrasound transducer at 45° angle with muscle fibers, and 3) ultrasound transducer aligned perpendicularly with the muscle fibers. Each orientation was repeated five times, for a total of 15 trials with each muscle sample. We calculated shear modulus at each of the ten SWE time points throughout each tensile test using Equation 1 .
From the collected MTS data, we calculated strain by dividing the displacement data by initial length, and plotted the stress-strain curve, using CSA calculated from measurements taken at L 0 . We defined Young's modulus as the slope between ten consecutive MTS data points from the stress-strain curve. Using this approach, Young's modulus was calculated for each of the ten SWE time points. We used regression to examine the correlation between Young's modulus from MTS and shear modulus from SWE for each of the transducer orientations.
RESULTS AND DISCUSSION
Young's moduli increased with increasing displacement throughout the tensile test for all specimens. Additionally, shear moduli also increased with increasing displacement for trials utilizing parallel ultrasound transducer orientation. Similar increases were not seen with either 45° or perpendicular transducer orientations. Table 1 .
Generalized estimating equations analyses of all observations from all four specimens are included in Table 1 . These results indicate a significant correlation between Young's modulus and shear modulus for parallel transducer orientation (p < 0.0001). The regression coefficient was 0.1818, with a 95% confidence interval of (0.1573 -0.2064). A scatterplot of all Young's moduli and shear moduli from the parallel transducer trials, with associated generalized linear model regression line, is included in Figure 1 . The parameters for 45° and perpendicular transducer orientations were near zero and nonsignificant (0.0061; p = 0.1077, and 0.0043; p = 0.2435, respectively).
CONCLUSIONS
Both parallel SWE and MTS showed increased stiffness measures with increasing tensile load. This study provides the necessary first step for additional studies that can evaluate the distribution of stiffness throughout a muscle. 
